INTRODUCTION
The combination of flavonoids (such as quercetin), terpenoids (ginkgolides and bilobalide), and the organic acids contribute to the antioxidative properties and free-radical scavenging activities of Ginkgo biloba (LeBars et al., 1997) . Early work demonstrated that, flavonoids isolated from plants are used in the treatment of certain physiological disorders in humans, and some flavonoids exhibit unusual hormonal activities, such as estrogens when fed to livestock. In animals, there have been numerous reports indicating that flavonoids can have beneficial effects (Jenkins and Atwal, 1995) . Some beneficial effects of flavonoids have been found in lipid metabolism apparently related to their antioxidant properties, which have included a reduction of serum lipids and cholesterol, protection against peroxidation in human platelets, and inhibition of lipoxygenase and prostaglandin synthetase activities (Kato and Tosa, 1983; Koch and Öffler, 1985; Feng et al., 2011) . In addition, the assumption that the beneficial effects of the Ginkgo biloba leaf are due to its free-radical scavenging action has been shown in numerous in vitro studies (Maitra, et al., 1995; Smith and Luo, 2004) and increasing numbers of in vivo studies (Smith and Luo, 2003; Sarikçioğlu et al., 2004; Shi et al., 2009) . Moreover, extract of Ginkgo biloba L. leaves has been found to be more effective than water-soluble antioxidants (ascorbic acid, glutathione, and uric acid) and as effective as lipid-soluble antioxidants [α-tocopherol (α-TOH) and retinol acetate] in reducing H 2 O 2 -induced oxidative stress in human erythrocytes (Köse and Doğan, 1995) . However, there are also considerations with regard to the seasonal variations and storage conditions of the leaves (Ellnain-Wojtaszek et al., 2002) .
In recent years, fermentation is a useful tool for producing biological materials with health-promoting properties and is an optimal way to solve overproduction and stimulate processing use of various fruits and vegetables (Dei et al., 2008; Ng et al., 2011) . Chinese herbs have long been processed via microbial fermentation. Studies have demonstrated that fermentation not only alters the original bioactivities of Chinese herbs, resulting in new treatment effects, but also enhances the original treatment efficacy (Miyake et al., 2005; Lin and Chiang, 2008) . Utilizing probiotics to preserve feedstuffs or feed fermentation, such as liquid fermenting feed or silage for ruminants and pigs, have been applied for many years (Cumby, 1986; Boguhn et al., 2006) with beneficial effects (Besong et al., 1996) . However, there is limited information on the use of fermented feeds in chickens (Feng et al., 2007) .
There is an abundant resource of Ginkgo leaves every year in China. In the last decade, large-scale cultivation has been initiated. Therefore, there is an urgent need to develop effective approaches that would make use of this kind of economic and sufficient available herbal resources. To promote processing of Ginkgo leaves, in this study, we have developed a process for Aspergillus niger fermentation wherein the functionality of this resource is preserved and enhanced, with the aim to investigate the effect of Aspergillus niger-fermented Ginkgo biloba leaves on the growth performance, lipid metabolism, meat quality, antioxidant capacity, and fatty acid profiles of broiler chicks, and its comparison with the vitamin E (VE) and nonfermented (NF) products.
MATERIALS AND METHODS

Culturing of Aspergillus niger
The Aspergillus niger used in this study was a laboratory strain isolate obtained from the College of Chemical Engineering, Nanjing Forest University, Nanjing, Jiangsu, P.R. China. It was cultured by an agar plating technique using sabouraud dextrose agar (Oxoid Ltd., Basingstoke, UK) and incubated at 24°C for 7 d. Aspergillus niger spores were harvested by tapping the top of the plate when turned upside down. Spore counts were determined using a hematocytometer according to the Fuchs-Rosenthal technique to be approximately 4.0 × 10 6 spores, which were equivalent to 0.25 g.
Preparation of Fermented Ginkgo Leaves Sample
Comminuted Ginkgo leaves (Ginkgo garden for leaf use, Nanjing Forestry University, Jiangsu Province, P.R. China) were used for this study. They were divided into 2 lots. One lot was untreated (no fermentation) and the other lot was fermented using Aspergillus niger. The fermentation medium contained 10 g of solid medium (Radix astragali-ginkgo leaves:wheat bran:corncob = 8:1.5:0.5) and 16 mL of nutritive salt [gl ucose:urea:(NH 4 ) 2 SO 4 :peptone:KH 2 PO 4 :MgSO 4 •7H 2 O = 4:2:6:1:4:1] and was inoculated with 0.1% of the Aspergillus niger seed and then cultivated at 28-30°C for a 48-h fermentation. The mixture was packed in a plastic container, gently firmed, and sealed with adhesive film before being kept in a room at ambient temperature (24°C). Although Aspergillus niger is an aerobic organism, there would be a production phase under microaerobic conditions that existed in the closed container (David et al., 2003) . The fermented sample was spread on a polythene sheet in a room at 30-40°C, dried for 6 d up to about 900 g/kg of the DM, and ground to pass through a 0.5-mm sieve. The changes of the ingredients before and after the fermentation were shown in Table  1 . Repetitious examination showed that the proportion of components in polysavone was constant within a minute range.
Experimental Birds and Feeding
In total, 360 one-day-old healthy commercial Arbor Acres (AA) broiler chicks purchased from a local commercial hatchery (Hewei, Anhui, China) were randomly allocated to 6 treatment groups consisting of 6 replicates of 10 birds each. All birds were placed in wire cages in a 3-level battery, each replicate was assigned to a cage (150 × 100 × 60 cm) of 10 chickens (0.15 m 2 per chick) and housed in a room maintained at a brooding temperature of 34 to 35°C for 5 d, and then the environmental temperature was gradually reduced by 1°C every 2 d, until a final temperature of 22°C was reached in keeping with normal brooding practice. The light regimen was a 12-h light-dark cycle (06:00-18:00 h light) throughout the trial. Meanwhile, all broiler chickens had ad libitum access to the feed and water. The experimental design and procedures were approved by the Animal Care and Use Committee of Nanjing Forestry University following the requirements of the Regulations for the Administration of Affairs Concerning Experimental Animals of China. The rearing period was 6 wk.
During the entire rearing period, all broiler chickens were randomly allocated to 6 dietary treatments, which were then denoted as control group (basal diet), VE group (containing respectively 15 and 30 IU/kg of allrac-α-TOH acetate in the starter and grower phases), NF group (containing respectively 0.35% and 0.7% unfermented Ginkgo leaves in the starter and grower phases), and FR1, FR2, and FR3 groups containing respectively 0.2, 0.35, and 0.5% FR in the starter and 0.4, 0.7, and 1.0% FR in the grower phase. The composition of the basal diets and nutrient levels for the starter (1-21 d) and grower phases (22-42 d) formulated to meet NRC (1994) nutrient requirements, shown in Table 2 . The dietary total flavonoids and polysaccharide contents for the broilers are shown in Table 3 . 
Sample Collection
At 42 d, 1 bird per replicate was randomly selected and weighed after feed deprivation for 12 h. Individual blood samples were taken via brachial vein puncture using a syringe, and serum was separated by centrifugation at 370 × g for 15 min at 4°C. Serum samples were frozen at −20°C for further analysis. After that, all birds were killed by exsanguination immediately. Then, the abdominal fat was collected and weighed. After that, within 10 min postmortem, all the right entire pectoralis majors were collected for the determination of meat quality. Parts of the pectoralis major samples were cut from the same location, quickly frozen in liquid nitrogen, and then kept at −80°C for further analysis.
MEASUREMENTS
Growth Performance
The BW of each chick and food consumption of each group were recorded weekly starting from 1 d of age, and weight was recorded to the nearest 0.01 kg. Growth performance was evaluated in terms of live BW gain, food intake (FI), and feed:gain ratio (F:G).
Determination of Serum α-TOH
Serum VE was analyzed as described by Kayden et al. (1973) with modifications. Briefly, samples were saponified by mixing 1 mL of serum with a 2% pyrogallol solution (5 mL) and heated for 2 min in a 70°C shaking water bath. The tubes were removed and 0.25 mL of 11 N KOH was added. The tubes were heated again in a shaking 70°C water bath for 30 min and then placed in an ice bath. Two milliliters of hexane (used to extract the VE) and 0.5 mL of water were added to the saponified samples and shaken vigorously for 2 min. One milliliter of the hexane layer was transferred to a 4-mL glass test tube for analysis. Standards of 1, 2, 4, 6, 8, and 10 μg/mL of α-TOH were prepared at the same time. A 0.2% bathophenanthroline solution (200 μL) was added to all the samples and standards and thoroughly mixed. Two hundred microliters of 1 mM FeCl 3 was added and samples were vortexed. After 1 min, 200 μL of an H 3 PO 4 solution was added and vortexed again. The tubes were read on a spectrophotometer at 534 nm. The standard curve was used to calculate the concentration of α-TOH in each sample. The concentrations of α-TOH were expressed as micrograms per milliliter.
Assay of Antioxidant Indices in Breast Muscle
The method of Spitz and Oberley (1989) was used to determine the total superoxide dismutase (T-SOD) activity. Units of SOD activity were defined by the amount of enzyme required to inhibit the rate of formazan dye formation by 50% under defined conditions. The catalase activity was estimated by the decomposition of H 2 O 2 to yield H 2 O and O 2 , and changes in absorbance at 240 nm for 2 min were monitored (Cohen et al., 1970) . One unit of activity was expressed as the amount of enzyme catalyzing the decomposition of 1 μmol of H 2 O 2 per minute at 25°C and pH 7.0. Glutathione peroxidase (GSH-Px) activity was determined according to the methods of Lawrence and Burk (1976) . One unit of GSH-Px is expressed as the amount of GSH-Px needed to oxidise 1 μmol of NADPH per min. The specific activity of all enzymes assayed was expressed as activity per milligram of protein. The concentrations of TBA reactive substances (TBARS) were determined by measuring the TBA-reacting substances, and the TBARS values were expressed as nanomoles of malondialdehyde (MDA) per milligrams of protein. The MDA and total antioxidant capability (T-AOC) were determined using a corresponding diagnostic kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, P. R. China) according to the instructions of the manufacturer. To avoid interassay variability, all samples were analyzed in the same assay.
Meat Quality
Breast muscles from the right sides were used to determine pH, objective color measurements, water-hold- ing capacity (WHC), shear force, and intramuscular fat content. pH. A portable pH meter (HI9023, Hanna Instruments, Padova, Italy) equipped with an insertion glass electrode(FC 230B, Hanna Instruments) was used to measure pH at 45 min postmortem (pH 45min ) and 24 h postmortem (ultimate pH; pHu). The determination method was described by Schilling et al. (2008) . The pH probe was inserted at an angle of 45 degrees into the pectoralis major and rinsed with deionised water between samples. Each sample was measured 3 times, and their average value was taken as the final result.
Color. Color measurements were taken in duplicate at 24 h postmortem. Lightness (L*), redness (a*), and yellowness (b*) values were determined using a Minolta CR410 chroma meter (Konica Minolta Sensing Inc., Osaka, Japan). The measurements were taken at 3 locations on the medial portion of breast meat at room temperature (25 ± 2°C) immediately after samples were tagged, and average values were reported.
Drip Loss. Drip loss was essentially assayed as described by Young et al. (2004) . In brief, about 15 g (wet weight) of regular-shaped muscle, cut from the same location in the pectoralis majors using a cork borer, was weighed and placed in an air-tight container that was then filled with nitrogen to avoid evaporation, oxidation, and mutual conglutination. All samples were stored at 4°C. After 48 h, surface moisture of fillets was absorbed with filter paper and reweighed. Drip loss was calculated as a percentage: [(initial weight − final weight)/initial weight)] × 100.
Cooking Loss and Shear Force. At 24 h postmortem, the entire pectoralis majors were weighed, placed into individual plastic bags, and vacuum sealed. Subsequently, the vacuum-sealed samples were cooked in a water bath kettle set at 85°C until an internal temperature of 77°C. After cooking, residual moisture was absorbed from each breast with 2 filter papers and the samples were reweighed. Cooking loss was calculated as a percentage: [(raw weight − cooked weight)/raw weight] × 100, as described by Schilling et al. (2008) . Then, cooked breasts were cooled to room temperature, from which at the same location rectangular-shaped samples (1 × 1 × 2 cm) were removed to measure tenderness using a TA-XT2 texture analyzer (Stable Micro Systems, Godalming, UK) with a Warner-Bratzler blade (code HDP/BS, Stable Micro Systems). Shear force was measured perpendicular to the axis of muscle fibers in 6 replicates for each treatment.
Intramuscular Fat. Intramuscular fat content of breast muscle was determined by extraction with ether in a Soxhlet apparatus (method 960.39; AOAC, 1990) . The intramuscular fat percentage was calculated.
Serum Lipid Analysis
For determination of serum total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), highdensity lipoprotein cholesterol (HDL-C), and total triglyceride (TG) concentrations, the corresponding diagnostic kits (Nanjing Jiancheng Bioengineering Institute) were used according to the instructions of the manufacturer. The lipoproteins LDL-C and HDL-C were fractionated by a dual precipitation technique (Wilson and Spiger, 1973) . After fractional precipitation, lipoprotein cholesterol was estimated.
Fatty Acid Composition
Breast muscle samples were analyzed for fatty acid profile. Fatty acid methyl esters (FAME) from tissue total lipid extracts were prepared by acid-catalyzed transesterification of total lipids, similar to the method of Christie (1982) except that the reaction was performed at 80°C for 3 h. The FAME were prepared by reaction with 4% HCl in methanol for 20 min at 60°C. The FAME were separated and quantified by gas-liquid chromatography (Carlo Erba Vega 8160, Milan, Italy) using a 30 m × 0.32 mm i.d. capillary column (CP Wax 52CB, Chrompak, London, UK) and on-column injection. Hydrogen was used as the carrier gas and temperature programming was from 50°C to 150°C at 40°C/min and then to 230°C at 2.0°C/min. Methyl esters were identified and quantified as described previously (Kennedy et al., 2005) . Individual FAME were expressed as a percentage of all peaks.
Statistical Analysis
Data from birds housed together in one cage served as the experimental unit. The effects of dietary treatment were statistically analyzed by one-way ANOVA. The statistical differences between treatments were determined by a Tukey test. Two single degree of freedom orthogonal contrasts tested the linear or quadratic effects of 3 FR inclusions. Differences among treatments were separated using polynomial orthogonal contrasts to determine linear and quadratic responses. The level of statistical significance was preset at P < 0.05. Values in the tables were means and pooled SEM. Statistical analysis was done with the SAS program version 9.0 (SAS Institute, Cary, NC).
RESULTS
Growth Performance
As shown in Table 4 , no significant differences (P > 0.05) occurred in BW gain and FI among the treatments in the periods of 1 to 21 d, 22 to 42 d, and the overall period of 1 to 42 d. With regard to F:G, there was no significant difference (P > 0.05) among treatment groups in the period of 1 to 21 d; however, lower (P < 0.05) F:G in the FR2 group was observed than that of the control and NF groups in the period of 22 to 42 d and the overall period of 1 to 42 d.
Blood Characteristics and Abdominal Fat Deposition
Dietary treatments had no effect on the total protein, albumin, or TC (Table 5) . However, the TG concentration of birds in the FR2 and FR3 groups was lower (P < 0.05) than that of birds in the control, VE, and NF groups. In addition, the TG concentration of birds in the FR3 group was significantly decreased (P < 0.05) compared with that in the FR1 group. The HDL-C concentration for group FR3 birds was significantly (P < 0.05) improved compared with the control, NF, or FR1 groups. Furthermore, LDL-C concentrations of birds in the FR groups were lower (P < 0.05) than that of birds in the control group. In addition, FR2 and FR3 groups exerted a significant decrease as compared with the VE group. Moreover, the abdominal fat of birds in the FR2 (P < 0.05) and FR3 (P < 0.01) groups was lower than that of birds in the control and VE groups. Moreover, differences between groups FR3 and NF, FR1 were significant (P < 0.05).
The plasma α-TOH concentrations for groups VE, FR1, FR2, and FR3 were elevated at 57. 24, 9.43, 20.54, and 35.02%, respectively, and 54.64, 7.62, 18 .54, and 32.78%, respectively, compared with the control and NF groups. Dietary treatments had a marked influence on α-TOH concentrations (P = 0.001). Furthermore, there was a linear (P = 0.001, P = 0.002, P = 0.008, P = 0.005, and P = 0.001, respectively) and quadratic (P = 0.001, P = 0.007, P = 0.005, P = 0.001, and P = 0.001, respectively) influence on the TG, HDL-C, LDL-C, and α-TOH concentrations and abdominal fat of birds with increasing levels of FR in the diet.
Antioxidant Enzyme Activities and Lipid Peroxidation Levels
The results of the T-SOD, GSH-Px activities, T-AOC, and concentrations of MDA in the breast muscle Means within the same row that do not share a common superscript are significantly different (P < 0.05); n = 6. 1 Control = basal diet; VE = basal diet with respectively 15 and 30 IU all-rac-α-tocopherol acetate in the starter and grower phases; NF = basal diet with respectively 0.35 and 0.7% unfermented Ginkgo leaves in the starter and grower phases; FR1, FR2, and FR3 groups = basal diet with respectively 0.2, 0.35, and 0.5% Aspergillus niger-fermented Ginkgo biloba leaves in the starter and 0.4, 0.7, and 1.0% Aspergillus niger-fermented Ginkgo biloba leaves in the grower phase.
2 Standard error of the mean based on pooled estimate of variation. 3 FI = feed intake; F:G = feed:gain ratio. **P ≤ 0.01; ***P ≤ 0.001. Table 6 . There was a linear and quadratic influence on T-SOD activities (L: P = 0.001, Q: P = 0.001), T-AOC (L: P = 0.027, Q: P = 0.040), and MDA concentrations (L: P = 0.001, Q: P = 0.001) with the inclusion level of FR in the diet. Chicks fed the FR2 (P < 0.01) and FR3 (P < 0.05) diets had higher T-SOD activities compared with the control and NF groups, whereas no significance (P > 0.05) was observed for the GSH-Px activities in the breast muscle. Birds from groups NF2 and NF3 exerted an increased (P < 0.05) T-AOC compared with the control group. Dietary treatments had a marked influence on MDA levels (P = 0.001) compared with the control group, also, birds from groups NF and FR1 exerted decreased MDA concentrations as compared with the VE group (P < 0.05).
Meat Quality
Significant differences (P < 0.05) were found in pHu, 24-h drip loss, cooking loss, and shear force among the treatments (Table 7) . Meanwhile, there was a linear and quadratic influence on the pHu (L: P = 0.001, Q: P = 0.003), 24-h drip loss (L: P = 0.001, Q: P = 0.004), 48-h drip loss (L: P = 0.019, Q: P = 0.025), and shear force (L: P = 0.017, Q: P = 0.036) with the inclusion levels of FR in the diet. The 48-h drip loss was decreased (linear effect, P = 0.019; Quadratic effect, P = 0.025) with increasing levels of FR in the diet, but there were no significant differences among treatments (P > 0.05). The 24-h drip loss of birds in the VE, FR2, and FR3 groups was lower (P < 0.05) than that of the control and NF groups. Groups VE, FR2, and FR3 exerted the lowest cooking loss and shear force, as it led to a significant decrease as compared with the control (P < 0.05).
Fatty Acid Profile
Fatty acid compositions of broiler breast muscle produced from dietary fermented Ginkgo leaf supplementation are presented in Table 8 . Based on the results obtained from intramuscular fat (Table 7) , dietary treatments had a significant influence on the percentages of C16:0 (P = 0.040), C18:0 (P = 0.024), C18:2 (P = 0.001), C18:3 (P = 0.001), C20:4 (P = 0.001), and total polyunsaturated fatty acids (PUFA; P = 0.001). Concentrations of C16:0 and C18:0 in the FR2 and FR3 groups, and C16:0 in the VE group, were significantly decreased (P < 0.05) compared with the control or NF groups. Meanwhile, differences with respect to C18:0 concentrations were significant (P < 0.05) between groups FR3 and FR1. With regard to the total PUFA, C18:2, and C20:4, groups VE, FR1, FR2, and FR3 exerted a significant (P < 0.05 or P < 0.01) increase as compared with the control group or NF, respectively. Moreover, total PUFA, C18:2, and C20:4 concentrations of the birds from groups FR2 and FR3 was higher (P < 0.05) than VE or NF groups. Concentrations of C18:3 for groups VE, FR2, and FR3 were significantly higher (P < 0.05 or P < 0.01) than that in the control, NF, and FR1 groups, respectively. Meanwhile, differences with respect to C18:3 levels were significant (P < 0.05) between groups NF and FR1.
Furthermore, C16:0 and C18:0 showed a linear (P = 0.033 and P = 0.001) and quadratic (P = 0.053 and P = 0.006) decrease with incremental FR inclusion. Meanwhile, there was a linear (P = 0.001) and quadratic (P = 0.001) increase in the total PUFA, C18:2, C18:3, and C20:4 concentrations with the inclusion levels of FR in the diet. Finally, there was a linear decrease (P = 0.041) in total saturated fatty acid (SFA) concentration (P = 0.041) and a linear increase in C20:1 concentration (P = 0.048) as supplemental FR level increased.
DISCUSSION
Fermentation is a useful tool for producing biological materials with health-promoting properties. Microbial fermentation of Chinese herbs has long been a process through which one can enrich them with vitamins, enzymes, and growth factors (Ng et al., 2011) . The leaves of Ginkgo biloba have been cultivated for their medicinal properties for several thousand years, and previous available studies were quite limited to the leaf extracts. Such extracts are prepared in a multistep process that causes a higher price. The fermentation process in the present study does not require the use of chemicals and is easy to manage in on-farm conditions or on an industrial scale. Fermentation processes using Aspergilli have been used to improve the nutritive value of some feedstuffs, such as soybeans (Chah et al., 1975; Mathivanan et al., 2006) , guar meal (Nagra et al., 1998) , and koji feed (Yamamoto et al., 2007) for poultry. The desirable characteristics of the fermented products include their acceptability by birds (Nagra et al., 1998) and nutrient availability (Hong et al., 2004) . Aspergillus niger is a fungus that has the capacity to produce enzymes, such as hemicellulases, hydrolases, pectinases, lipases, and tannases (Mathivanan et al., 2006; Dei et al., 2008) . Thus, it has been used extensively in the improvement of agricultural by-products through its action on substrates, such as nonstarch polysaccharides and proteins (Ong et al., 2007; Aderemi and Nworgu, 2007) , Means within the same row that do not share a common superscript are significantly different (P < 0.05); n = 6. 1 Control = basal diet; VE = basal diet with respectively 15 and 30 IU all-rac-α-tocopherol acetate in the starter and grower phases; NF = basal diet with respectively 0.35 and 0.7% unfermented Ginkgo leaves in the starter and grower phases; FR1, FR2, and FR3 groups = basal diet with respectively 0.2, 0.35, and 0.5% Aspergillus niger-fermented Ginkgo biloba leaves in the starter and 0.4, 0.7, and 1.0% Aspergillus niger-fermented Ginkgo biloba leaves in the grower phase.
2 Standard error of the mean based on pooled estimate of variation. 3 pH45min = pH at 45 min. 4 pHu = ultimate pH; the pH at 24 h postmortem. 5 L* = lightness; a* = redness; b* = yellowness.
*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. a-c Means within the same row that do not share a common superscript are significantly different (P < 0.05); n = 6. 1 Control = basal diet; VE = basal diet with respectively 15 and 30 IU all-rac-α-tocopherol acetate in the starter and grower phases; NF = basal diet with respectively 0.35 and 0.7% unfermented Ginkgo leaves in the starter and grower phases; FR1, FR2, and FR3 groups = basal diet with respectively 0.2, 0.35, and 0.5% Aspergillus niger-fermented Ginkgo biloba leaves in the starter and 0.4, 0.7, and 1.0% Aspergillus niger-fermented Ginkgo biloba leaves in the grower phase.
2 Standard error of the mean based on pooled estimate of variation. 3 SFA = saturated fatty acids; MUFA = monounsaturated fatty acids; PUFA = polyunsaturated fatty acids.
*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
or structurally modifying antinutritive factors (Hong et al., 2004) . Ginkgo biloba leaves are known to be rich in flavonoids and polysaccharides. Flavonoids are a large group of polyphenolic compounds; numerous studies have revealed that the biological effects of flavonoids are mainly contributed by their aglycones (Hendrich 2002; Kawakami et al., 2005) . It has been reported that flavonoid aglycones are more easily and rapidly absorbed in the intestines after fermentation (Izumi et al., 2000) . In the present experiment, total polysaccharides, CP, and total amino acids of FR were increased by 95.09, 73.48, and 21.25%, respectively (Table 1) , in comparison to that of NF. The increases of polysaccharides may be due in part to the decreased carbohydrate content after fermentation (Hong et al., 2004) . The total flavonoid contents of FR found were decreased slightly after fermentation, suggesting that β-glucosidase from Aspergillus niger might have converted the flavonoids to aglycones during fermentation, and the produced aglycones from their respective glycosides might be the bioactive components, at least partially, responsible for the beneficial effects found in this study (Hsu and Chiang, 2009) .
Flavonoids have received considerable attention for their lipolytic activity in vitro and in mammals (Nakagawa et al., 2004; Hsu and Yen, 2007; Zarrouki et al., 2010) . In the present study, we evaluated the effect of FR on the antilipogenic activity in broilers and found that dietary supplementation with 0.35% FR in the starter and 0.7% FR in the grower phases improved (P < 0.05) F:G, which may be attributed to the improvement in healthy status of birds fed diets supplemented with FR as well the decreased abdominal fat deposition. Deposits of abdominal fat are considered to be a waste product in the poultry industry, which represents an added expense as well as a loss in the market. A previous study suggested that a flavonoid exerts a potent antilipogenic effect by decreasing adipose tissue deposition and ameliorating diet-induced obesity in mice (Aoki et al., 2007; Honda et al., 2009 ). Moreover, it was well documented that some flavonoids form insoluble complexes with cholesterol in the digesta and inhibit the intestinal absorption of endogenous and exogenous cholesterol (Rao and Gurfinkel, 2000) . Jang et al. (2007) demonstrated that the TC was decreased by fermented ginseng culture in laying hens, and this effect was confirmed in the present study. We found that FR supplementation decreased the concentration of TG (P = 0.001) and LDL-C (P = 0.003) and increased the concentration of HDL-C (P = 0.073) in comparison with groups VE or NF. This may be explained by the relatively high dietary VE basal level and the polyphenolic flavonoids included in FR (Table 3) . So, the observed abdominal fat deposition and blood lipid-lowering effects of broilers in FR2 and FR3 groups may be mainly due to flavonoid upregulation of hepatic genes for β-oxidation and downregulation of those for fatty acid synthesis (Aoki et al., 2007) .
Compared with other meats, chicken meat is relatively abundant in PUFA, including the key n-3 fatty acids, and is easily attacked by free radicals (Asghar et al., 1990) . The reaction of 2-thiobarbituric acid with MDA is widely used for measuring the extent of oxidative deterioration of lipid in muscle foods (Descalzo and Sancho, 2008; Descalzo et al., 2008) . Lipid oxidation results in the production of free radicals, which may lead to the oxidation of meat pigments and generation of rancid odors and flavors (Faustman and Cassens, 1990) . In the present study, decreased MDA contents indicate that dietary FR inclusion could induce an antioxidative effect to the broiler meat.
Also, it has been well documented that plant polyphenolic flavonoids were one of the major groups of compounds acting as primary antioxidant free-radical terminators (Singh et al., 2005) and works as a part of cellular antioxidant systems in the close cooperation with other cellular antioxidants. Havsteen (2002) reported that flavonoids in the cell membrane protect the unsaturated fatty acids (UFA) against oxidants as ascorbate. Previous reports have demonstrated that relatively low concentrations of flavonoids could lead to antioxidant response element (ARE)-mediated gene expression, including that of phase II detoxifying enzymes, such as UDP-glucuronosyltransferase (Chen et al., 2000) .
Superoxide dismutase plays a vital role in balancing body oxidation and antioxidation. Total antioxidant capability can reflect the ability of scavenging free radicals (Lewis et al., 1995) . Considering the redox balance, our results suggested that the increased T-AOC, T-SOD activities, and decreased MDA concentrations at the moderate dietary levels of FR may all contribute to the increased dietary total polysaccharides and flavonoids (Table 3) by the modulation of the cellular free radical/ antioxidant balance. Accompanied by the improved antioxidative status, elevated α-TOH contents were found in the present study. This could be a sparing effect of dietary total polysaccharides and flavonoids, which also might be explained by a more general mechanism of reducing α-TOH and other cellular antioxidant consumption by reducing the burden of the enzymatic and nonenzymatic antioxidative system.
It is well known that muscle pH is one of the most important postslaughtering factors influencing numerous meat quality attributes, such as meat color, tenderness, WHC (drip loss and cooking loss), and other characteristics of muscle (Aberle et al., 2001) . In addition, a rapid postmortem pH decline can lead to protein denaturation that may result in pale color and low WHC (Briskey and Wismer-Pedersen, 1961; Sams, 1999) . In the present experiment, breast muscle pHu values 24 h postmortem increased linearly in response to increasing dietary FR level (P = 0.001). The results indicated that dietary FR was effective in maintaining a relatively higher pH value of meat. The WHC of meat is directly related to the intramuscular lipids and moisture content of the meat. Lower WHC indicated losses in the nutritional value through exudates that were released, and this resulted in drier and tougher meat (Dabes, 2001) . The decrease in pH can affect WHC (Ferket and Foegeding, 1994; Pearson, 1994) . Tenderness (shear force) may be the most important eating quality parameter that determines consumer acceptability (Miller et al., 2001; Kannan et al., 2002) . In the present trial, the data showed that WHC and shear force are consistent with that of pH values. The improvement of pH and WHC must be related to the antioxidative status, enhanced antioxidative status, and elevated α-TOH contents, and the sparing effect of dietary total polysaccharides and flavonoids may play a beneficial role.
The FR supplementation to diets can effectively change the fatty acid composition by increasing or protecting the oxidation of UFA. In the current study, the total SFA concentration in breast meat decreased (P > 0.05) in response to treatment with FR. This decrease was primarily due to the significant decrease in C16:0 and C18:0. The decrease of SFA in the tissues of chicken as a result of dietary FR supplementation may have an effect on the plasma TC concentration. However, the total PUFA was improved greatly, which was primarily caused by the increase in C18:2, C18:3, and C20:4. The increase may be related to peroxide-scavenging enzyme activity, which could reduce the total UFA oxidation. Clinical data strongly support a relationship between coronary heart disease and the dietary intake of TC and SFA . In this study, the breast meat of birds that received a diet supplemented with FR had a lower concentration of total SFA than that of birds in the control group. This indicates that consumption of these birds may pose a lower risk of coronary heart disease. The results of fatty acid composition were supported by the results of enhanced T-AOC as well as the activity of SOD in the present study.
Conclusion
In the current study, the use of up to 0.5% (in the starter phase) and 1.0% (in the grower phase) of FR products had a positive influence on growth performance, lipid metabolism, antioxidant capacity, breast meat quality, and fatty acid composition. Dietary total flavonoids and polysaccharides were most likely the key compounds responsible for the health-improving effect of the fermentation products without significant side effect. In addition, FR can induce a decrease in abdominal fat and plasma TG and TC concentrations. The study suggests that the tenderness and WHC-improving effect observed in breast muscle of broilers fed FR products, in association with the increased retention of α-TOH and reduction in lipid peroxidation, as evidenced by the decrease in MDA and the increase in SOD activity, which may be considered as potential sources of feed additive for broiler chicks.
